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We report electrical transport measurements through a semiconducting single-walled carbon nan-
otube (SWNT) with three additional top-gates. At low temperatures the system acts as a double
quantum dot with large inter-dot tunnel coupling allowing for the observation of tunnel-coupled
molecular states extending over the whole double-dot system. We precisely extract the tunnel cou-
pling and identify the molecular states by the sequential-tunneling line shape of the resonances in
differential conductance.
PACS numbers: 73.63.-b, 73.23.-b, 03.67.-a
The interference of quantum states is one of the most
striking features of nature enabling the formation of
molecular bonds. This bond formation can be studied
in coupled quantum dots (artificial molecules) in regimes
that are not accessible in true molecules [1, 2, 3, 4, 5].
Additionally, these engineered artificial molecules have
been proposed as logic elements for future applications in
spin-based quantum computing [6]. Whereas most elec-
trical transport experiments on coupled quantum dots so
far have investigated GaAs-based semiconductor quan-
tum dots (see [7] and references therein), only recently
such structures have been realized in carbon nanotubes
and semiconducting nanowires [8, 9]. These materials are
attractive not just for the relative ease in production, but
also for the fact that superconducting and ferromagnetic
contacts have been demonstrated [10, 11, 12], opening up
a road for various kinds of novel quantum devices [13].
In addition, large spin dephasing times are expected for
carbon-based quantum dots, since the nuclear spin of the
dominant isotope 12C is zero, yielding a strongly reduced
hyperfine interaction.
In this letter, we report electrical transport measure-
ments through a semiconducting single-walled carbon
nanotube (SWNT) with source and drain electrodes and
three additional top-gates. In specific gate-voltage ranges
the system acts as a double quantum dot with large inter-
dot tunnel coupling t, allowing for the observation of
a quantum-mechanical superposition of |n,m + 1〉 and
|n + 1,m〉 states where n and m denote the number
of charges on the left and right dot, respectively. Us-
ing an effective single-particle picture, we precisely de-
termine the tunnel coupling and identify molecular-like
states with wave functions extending over the whole nan-
otube double dot.
Single-walled carbon nanotubes were grown by means
of chemical vapor deposition (for details see Ref. [14])
on a highly-doped Si substrate covered by an insulating
layer of 400nm SiO2. Single nanotubes were selected us-
ing a scanning electron microscope. Three 200 nm wide
local gates equally spaced by 400 nm were then defined
by means of standard electron beam lithography and e-
gun evaporation of SiO2, Ti and Pd. Finally, Pd source
and drain contacts were fabricated. Figure 1(a) shows
a schematic of the device, the materials used, and cor-
responding film thicknesses. A scanning electron micro-
graph of a device is shown in Fig. 1(b).
Room temperature characterization identifies the semi-
conducting nature and an intrinsic p-doping state of the
nanotube. Figure 1(c) shows the linear conductance
through the device as a function of the three top-gate
voltages. At a top-gate voltage of roughly 0.4 V conduc-
tance is suppressed indicating that the chemical potential
is shifted into the semiconducting gap of the tube. Five
identically-prepared devices were tested at room temper-
ature and showed the same behavior.
Low-temperature measurements were performed in a
3He cryostat with a base temperature of 290mK. Dif-
ferential conductance dI/dVsd was measured using stan-
FIG. 1: (a) Schematic of the fabricated device, with three
top-gates as labelled in (b). (b) Scanning electron micrograph
of a sample fabricated identically to the one measured. The
distance from source to drain is 2.2µm. Dashed circles de-
note the regions affected by gates 1 and 2. (c) Conductance
G through the device at T = 300K versus top-gate voltage.
All gates not swept are connected to ground. Note: Dif-
ferences between the individual gate scans at 0V arise from
slightly hysteretic gate responses. Inset: Colorscale plot of G
versus gate 1 and gate 2 for fixed VC = −1V at 2.2K. Bright
corresponds to 0.4 e2/h, dark to 0 e2/ h.
2dard lock-in techniques with an excitation voltage of typ-
ically 7.5µV at a frequency of 327.7Hz and an I/V con-
verter with a gain of 107V/A. The inset of Fig. 1(c)
shows a colorscale plot of the linear conductance versus
voltages applied at gates 1 and 2 for a constant center
gate voltage VC = −1 V at 2.2K. Again, applying pos-
itive voltages of the order 1V to any of the top-gates
locally shifts the chemical potential into the energy gap
of the intrinsically p-doped SWNT and thus suppresses
electrical transport. Additionally, sweeping gate 1 and
gate 2 leads to pronounced oscillations of the conduc-
tance due to single-electron charging and finite-size ef-
fects of the nanotube, which are accessible at low temper-
atures. For the measurements presented in the following,
the center and back-gate were kept at constant voltages
VC = −0.1V, VBG = 0V, respectively, and no magnetic
field was applied.
A magnified colorscale plot of the differential conduc-
tance dI/dVsd in a reduced gate-voltage range is shown
in Fig. 2(a). The visible high-conductance ridges de-
fine a charge-stability map that is shaped like a hon-
eycomb. This honeycomb pattern is characteristic of
a double quantum dot. Within each cell, the number
of holes (n,m) on the two dots is constant. Energizing
gate 1 (2) to more negative voltages successively fills holes
into dot 1 (2), whereas a more positive voltage pushes
holes out of the dot. Two identical devices were mea-
sured at low temperatures and both exhibited a similar
honeycomb pattern
Of particular importance for sequential tunneling
through the double dot are the so-called triple points,
the two blue points in Fig. 2(a), for example. At these
points, three charge states are simultaneously degener-
ate (e.g. (n,m), (n + 1,m), and (n,m + 1)), enabling
the shuttling of a single electron from source to drain
through the two dots. The conductivity in the vicinity of
a triple point strongly depends on the relative magnitude
of the electrostatic and tunnel coupling. For purely elec-
trostatic coupling, the triple points are sharply defined,
while they become blurred, leading to curved edges, if
quantum-mechanical tunneling is turned on.
We will first analyze the honeycomb pattern, assuming
purely electrostatic interaction as illustrated in Fig. 2(d).
Hence, we disregard the tunnel coupling between the
dots for the moment. In the quantitative determina-
tion of the dot and gate capacitances, we follow the
work of van der Wiel et al [7]. From the dimensions
of a single cell ∆VG1,2 =| e | /CG1,2 as illustrated in
Fig. 2(b), one obtains the gate capacitances CG1 = 23 aF
and CG2 = 21aF. Applying a finite source-drain bias
voltage Vsd results in a broadening of the triple points
at the honeycomb edges into triangular-shaped regions,
see Fig. 2(c). In our device the triangles are less clearly
defined due to finite temperature and the strong tunnel
coupling between the dots which we will discuss in the
following paragraphs. Using the relation CG1,2/C1,2 =
FIG. 2: (a) Colorscale plot of the conductance versus voltage
applied on gate 1 (VG1) and gate 2 (VG2) at a temperature of
T = 290mK and Vsd = −128µV. The resulting honeycomb
pattern represents the charge stability diagram of coupled
double quantum dots. Two triple points are marked by blue
dots for clarity. Dashed lines are guides to the eye. (b) Close-
up of a single honeycomb cell. (c) Vicinity of the triple points
at a source-drain bias voltage of 391µV. (d) and (e) Capac-
itive and molecular model of a double quantum dot, respec-
tively.
|Vsd|/δVG1,2, the capacitances C1 = CS +CG1 +Cm and
C2 = CD + CG2 + Cm follow to be 84 aF and 145aF,
respectively, from which we obtain UC1,2 = e
2/C1,2
≈ 1.9meV and 1.1meV for the on-site charging ener-
gies of the dots, in agreement with the dimensions of the
Coulomb blockade diamonds at finite bias (not shown).
The mutual capacitance Cm between the two dots can
now be estimated from the triple-point spacing ∆V mG1,2
in Fig. 2(b) using ∆V mG1,2 = |e|Cm/CG1,2C2,1. We obtain
Cm ≈ 15 aF.
We emphasize that disregarding tunneling between the
dots is a very strong assumption. The purely electrostatic
model, which we have used up to now, overestimates Cm
and can only yield an upper bound. That tunneling is
appreciable in this double-dot system is evidenced by the
honeycomb borders in Fig. 2(a), which are bright over an
3FIG. 3: (a) Colorscale plot of the differential conductance
(Vsd = 20µV, T = 290mK) in the vicinity of two triple
points. Dashed lines are guides to the eye. (b) Spacing E∆
(see Eq. (2)) of the two high conductance wings with respect
to the ∆-direction versus detuning ǫ. Inset: Schematics of
sequential tunnel processes allowed at the triple points (blue
dot) and at the honeycomb edges (red circle) via molecular
states.
extended range. In addition, the high-conductance ridges
are curved in the vicinity of the triple points, as expected
for strongly tunnel-coupled dots. Analyzing this curva-
ture allows us to precisely extract the tunnel coupling
amplitude t (see Fig. 3). To do so, a convenient descrip-
tion is developed first.
We adopt a model Hamiltonian of the form H =
HC + HT + HL, describing the system depicted in
Fig. 2(e). Here, HC describes the orbital and
Coulomb energies of the double-dot system, HT =
t (|n+ 1,m〉〈n,m+ 1|+ h.c.) the tunnel-coupling be-
tween the two dots, and HL the coupling of each dot
to the leads. In HC , we include on-site (U) and
nearest-neighbor (U ′) charging energies. States with a
fixed number of charges on each dot are eigenstates of
HC : HC |n,m〉 = Enm|n,m〉, where Enm = Eorbnm +
U
2 [n(n− 1) +m(m− 1)] + U ′nm + E1n + E2m. Eorbnm
is the total orbital energy of the |n,m〉 charge configu-
ration, and E1(2) is the single-particle energy of the left
(right) dot, supplied by the gate voltages VG1,2. In a sim-
ple picture of sequential tunneling [15, 16] through HC -
eigenstates (neglecting HT to leading order), one would
expect nonzero conductance only at the triple points. It
is only at these points that energy-conserving processes
of the kind |n,m〉 → |n + 1,m〉 → |n,m + 1〉 → |n,m〉
can lead to charge transport through the double dot (blue
sequence in the inset of Fig. 3(b)).
However, if we allow for superposed double-dot states
of the form |E〉 = α|n + 1,m〉 + β|n,m + 1〉, sequential
transport is possible along the honeycomb edges as well
(red sequence in the inset of Fig. 3(b)). Such superposed
states are eigenstates of the full double-dot Hamiltonian
HC +HT . For spinless holes [17] and assuming that only
a single eigenstate |E〉 participates in transport, the sta-
tionary sequential-tunneling current is then given by
I = |e|Γ[fs(µ2dot)− fd(µ2dot)]. (1)
Here, fl(µ2dot) = 1/ (exp [(µ2dot − µl)/kT ] + 1) is a
Fermi function at temperature T , µl (l = s(d)) the
chemical potential of the source (drain) lead, and Γ =
|αβ|2ΓsΓd/(α2Γs + β2Γd), with Γs(d) the dot-lead tun-
neling rate to the source (drain). The chemical potential
of the double dot µ2dot depends on whether sequential
tunneling occurs at |n,m〉 ↔ |E〉 (right branch in the in-
set of Fig. 3(b)), or at |n+1,m+1〉 ↔ |E〉 (left branch):
µ2dot = E − Enm for the former and En+1,m+1 − E for
the latter.
With the help of Eq. (1), the data allow for a precise
quantitative analysis of the tunnel coupling t between the
dots. Figure 3(a) shows a colorscale plot (linear scale)
of the differential conductance at Vsd = 20µV≈ kT in
the vicinity of a triple point region. As expected in
the presence of tunnel-coupled eigenstates, transport is
possible not only at the triple points, but also on the
wings extending from the triple points. The two gate
voltages VG1 and VG2 are converted into energies E1
and E2 by multiplying them with the conversion fac-
tors α1 = 0.42e and α2 = 0.29e, which we obtain from
the splitting of a differential conductance resonance at
finite bias voltage, as will be discussed in the context of
Fig. 4. We then change variables to ǫ = (E1−E2)/
√
2 and
∆ = (E1 +E2)/
√
2. In terms of these new variables, the
double-dot molecular eigenenergies are (up to a constant
offset) E±(∆, ǫ) = Emn(∆, ǫ) +
(
∆∓√ǫ2 + 2t2) /√2.
When the bias and temperature are smaller than the
double-dot level spacing (i.e., Vsd, kT < E
−−E+), trans-
port occurs only through the ground-state |E+〉. For
small bias, we set µ1 = µ2 = µ, then transport is due
to energy-conserving transitions between the state |E+〉
and either |n,m〉 (when E+−Enm = µ) or |n+1,m+1〉
(when En+1,m+1 − E+ = µ). These conditions are ful-
filled at the two high-conductance wings. The separation
of the wings in the ∆-direction (E∆) is given by:
E∆ =
√
2U ′ +
√
4ǫ2 + 8t2. (2)
In Fig. 3(b) the spacing of the two wings E∆ is plotted
versus the detuning ǫ and fit to Eq. (2). Satisfactory fits
to the data yield a tunnel coupling of t = 310 . . . 360µeV
and U ′ < 100µeV . The parameters of the fit shown are
t = 358µeV and U ′ = 16µeV . The relative magnitudes
are compared as 2t ≈ 0.7meV≫ U ′ < 0.1meV. The fact
that the tunnel coupling dominates by almost an order
of magnitude over the electrostatic coupling between the
dots reflects the one-dimensional geometry of a nanotube;
electrostatic interactions are reduced due to the large sep-
aration of the ”center of mass” of the charges (while still
allowing a significant overlap of the wavefunctions). Sim-
ilar molecular states have been analyzed in semiconduc-
tor vertical-lateral double dots, yielding a smaller tunnel
4FIG. 4: Colorscale plot of the differential conductance in
the vicinity of the same triple point as in Fig. 3 for three
different bias voltage: (a) Vsd = 20µV, (b) Vsd = 391µV and
(c) Vsd = −647µV. Dark corresponds to 0 e
2/h and bright
to 0.1 e2/h. On the right side, open circles denote traces
of the differential conductance taken at the position of the
dashed line. Solid lines represent fits to the line shape given
by Eq. (3). Left-hand vertical scale: Voltage applied to gate 1.
Right-hand vertical scale: Voltage applied to gate 1 converted
into energy.
coupling t ≈ 80µeV and larger U′ ≈ 175µeV [18]. Us-
ing U ′ < 100µeV and U ′ = 2e
2Cm
C1C2−C2m
[19], one obtains
a mutual capacitance of Cm . 4 aF, consistent with the
previous estimate Cm ≤ 15 aF from the purely electro-
static model.
Because t ≫ kT at T = 0.3K, charge transport in
the vicinity of the triple points takes place through a
single molecular orbital (the bonding orbital of the two
dots). This can be distinguished from two-stage hop-
ping if dI/dVsd is further analyzed as a function of bias
voltage. More specifically, we demonstrate next that the
finite-bias differential conductance through the double
dot is accurately described by the sequential tunneling
through a single molecular state according to Eq. (1).
Figure 4 shows a map of the differential conductance
in the vicinity of the two triple points (same region as
Fig. 3) for three different source-drain voltages. On the
right side, traces of the differential conductance with re-
spect to gate 1 are extracted for fixed voltage applied
to gate 2 (dashed line), well separated from the triple
points. In Fig. 4(a) the conductance trace has a sin-
gle peak. In the finite-bias cases (b) and (c) the single
peak splits into two peaks. Because of the linear depen-
dence of the peak splitting on bias (inset of Fig. 4(a)
for gate 1), the second peak is not due to an additional
level entering the bias window. To understand this fea-
ture, we note that the differential conductance is mea-
sured by modulating the source voltage µ1, keeping the
drain voltage µ2 and all other gate voltages fixed. As-
suming the double-dot charge is fixed, capacitive cou-
pling of the source to the double dot induces a simul-
taneous modulation of µ2dot, albeit with an amplitude
reduced by the factor r = ∂µ2dot/∂µ1 = CS/CΣ, where
CΣ ≈ CS+CD+CG1+CG2. From Eq. (1) the differential
conductance for our setup is then given by
dI
dµ1
= − |e|Γ[(1− r) f ′s(µ2dot) + rf ′d(µ2dot)] , (3)
where f ′l (x) =
d
dx
fl(x). Sequential tunneling through a
single molecular level therefore predicts a double-peaked
structure with peaks separated by the bias voltage, as ob-
served in Fig. 4. The spacing of the two peaks can thus
be used to convert top-gate voltages into energy and one
obtains the conversion factors given above. For our de-
vice, we have CS ≈ 65 aF, CΣ ≈ 230 aF, which yields
r ≈ 0.3. According to this model the relative height of
the two differential conductance peaks should be roughly
r
1−r ≈ 0.5. This value is consistent with the data shown
in Fig. 4 (with ratios of 0.42 in (b) and 0.28 in (c)).
Additionally, we find that the asymmetry of the peaks
switches from positive (b) to negative (c) bias, as is ex-
pected from Eq. (3).
The data in Fig. 4(a) have been fit to Eq. (3) yielding
a peak width of 49µeV. Note that in this case Vsd ≈
kT and the peak thus does not split. Subtracting the
bias of 20µeV one obtains an effective temperature of the
electrons of 29µeV ≈ 335mK. Fitting Fig. 4(b) and 4(c)
to Eq. (3), one obtains a larger peak width corresponding
to temperatures of 785mK and 1180mK, respectively,
which we attribute to Joule heating at finite bias.
The excellent agreement of the sequential-tunneling
fits demonstrates that transport occurs through a single
level. In this regime of a strongly tunnel-coupled double
dot, transport cannot be captured by dot-to-dot hopping,
but takes root in the formation of coherent molecular
states.
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